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Abstract

While Java and appletshave createda new perspectie for Web applications,some
problemsarestill unsohed. Amongthesearethe questiorof how Java appletscanfind
othermemberof the collaborationsessionhow to dealwith therestrictionsmposed
by the Java securitymodel,andhow to overcometheinability of appletsto communi-
catedirectly, evenif they belongto the samedistributedapplication.KnittingFactory
addressetheproblemof finding othermember®f acollaboratiorsessiorby providing
adistributedregistry systemwherethesearchis performedvithin aWebbrowserwith-
outviolating its securitymodel;the problemof arbitraryplacemenbf applicationsy
providing the corefunctionality for downloadingappletsfrom an arbitrarynode;and
finally the problemof direct applet-applecommunicatiorby usingthe Jasza Remote
Method Invocationmechanismso give appletsinformationon how their fellow ap-
pletscanbereachedTwo exampleapplicationsvalidatethis conceptanddemonstrate
theeaseof useof KnittingFactory
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1 Intr oduction

Theadwentof the World Wide Web alongwith the penasive availability of cheapnet-

working resourcesiaspermittedthe idea of distributed parallel computationor col-

laborative work on a large scale. But while parallelcomputingon a local network of

workstationsis commonpractice(with systemdike PVM [20] asexamples),this is

notthe casefor distributedcomputingoverthe World Wide Weh Similarly, collabora-
tive work over the Internetis facedwith a numberof practicalproblems.Someof the

obstaclesommonto both distributed computingand collaborative work arethe het-

erogeneityof the participatingsystemssecurityconcerndy usersof remoteandlocal

computersdifficultiesin administeringa distributedapplicationandfinding partners,
andoftenhighcommunicatiordelays.We will considebothparallelandcollaboratve

applicationscenarioss“distributedapplications”.

Someof theseproblemsawveresuccessfullyaddressedy the Javalanguage/system.
Namelythe securityconcernsvheresolved by the “applet™concept(in combination
with the notion of a “sandbox”)which allows the executionof foreign codewithout
puttingthesystemsintegrity atrisk. Additionally, Java’s platformindependencsolves
the problemof heterogeneity Today's performanceroblemsof Java appletsare ex-
pectedo be solvedby just-in-timecompilationandothertechniques.

This makesJava anattractive choicefor therealizationof distributedapplications.
An attractve way of designingsuchdistributedapplicationds to useateamconsisting
of astand-alon@rogranrunningononemachineandasetof distributedappletst. But
Javaimposest’s very own restrictionson suchteams.Typically, thelocationof a Java
applicationworking togetherwith distributed appletsis restrictedto a machinealso
runningan HTTP sener. However, sucha machineis not availableto all users.Fur
thermorethe Java securitymodelrestrictsthe communicatiorpatternbetweerapplets
andapplicationtherebylimiting both communicatiorflexibility andfault toleranceof
suchteams.

Implementingdistributedteamsontop of Javais thusfacedwith thefollowing three
obstacles:

¢ looking for andfinding potentialpartnerdor a distributedteam,

¢ havingto runthestand-alon@pplicationof a distributedteamon a machinealso
runninganHTTP sener,

e appletsarenot capableof directcommunication.

TheKnittingFactoryprojectaddressetheseobstaclesandprovideswell-integratedso-
lutionsthatdo notinterferewith the Java securitymodelandcompletelyadhereto all
standards.

1In the Java terminology sucha stand-alongrogramis usuallycalledan application(asopposedo an
applet). We will usethis term,too, whenthereis no dangerof confusingit with the applicationasawhole,
i.e.,theteamof stand-alon@rogramandapplets

2Experimentswere conductedusing Linux kernel version2.0.29, Java DevelopersKit version1.1.3,
andHotJava Browser Version1.1. The novel featuresof Java 1.1 usedin our implementatiorare not yet
completelysupportedn ary other off-the-shelfbronvser Therefore,we could only experimentwith our
systemwhile relying on HotJara andthe JDK1.1.35 appletviever, andandwe expectthe systemto carry
overto otherstandarastandardmplementationsf Java 1.1.




The restof this paperis organizedasfollows. Section2 describeghe designof
the KnittingFactory,Section3 givesinformationaboutthe implementationSection4
will shav how to usethe KnittingFactorywith two simpleexamples,Section5 gives
anoverview of relatedwork andSection6 discusse&nittingFactoryin the context of
someof theseprojects.Finally, the paperconcludeswith Section?.

2 Design

KnittingFactoryis concernedvith providing functionality to facilitatethe interaction
and improve the efficiency of interactingdistributed computationswritten in Java.

Thereareseveralwaysof designingsuchanapplication.To take advantageof thesecu-
rity featuresof Java, thedistributedcodeshouldbeimplementedsanapplet. Codeex-

ecutingonlocal machinecanbeimplementedisa stand-alondava application which

allows to useextendedfunctionality comparedo applets.Thus,a distributedapplica-
tion canbe designedisateamconsistingof a stand-alondava applicationanda num-
ber of distributedapplets.Dependingon the semanticof the distributedapplication,
the stand-alongorogrammight be an “initiator,” a “coordinatof’ or a “mastey’ etc.
dependingon the context; the appletsmight be “workers] “servers; “useragents,

etc—we will usethetermpartnerto referto themin auniformway.

Application
Charlotte
KFI KFII KFIII
HTTP Java RMI

Operating System

Figure 1: Overview of Knittingfactorydesign. KFI, KFIl andKFIIl refer to parts
describedn Subsectior2.1,2.2and2.3,respectiely.

Figure 1 givesan overview of a systemusing KnittingFactory The boxesKFlI,
KFIl andKFIll referto partsof KnittingFactorydesribedin Subsectior.1, 2.2 and
2.3, respectiely. Charlotte(cp. 6.1.2and Section6.1) is usedas an examplefor a
parallel programmingervironmentusing KnittingFactory andan applicationsits on
top of bothKnittingFactoryandCharlotte.



2.1 Registration and lookup

In adistributedcomputatiororganizedge.g.,in a mastesworker like fashion,a typical
problemfor a masteris to find potentialworkers,andfor workers(i.e., userswilling
to donateresourcego a distributed computation)o find ary masters.This might be
of lessconcernto a collaboratve applicationsuchaswhiteboardssinceone usually
knows with whom one wantsto cooperate.But thereare other casesn which this
problemsoccursevenfor somecollaboratve-typeapplicationssuchasgames.

In either case,a distributed matchingproblemoccursbetweenapplicationsand
potentialpartners. While thereare mary classicalways of doing this2 we wantto
malke useof the existing Web-infrastructuresfar aspossible. In particular no new
agentdor eitherproviding or searchingnformationshouldbe necessary

To this end,we useexisting HTTP senersto actasa registry for partnerrequests
andstandardVeb—bravsersassearchenginesA registryacceptsequestgor partners,
storestheserequestsand deletesthem againupon request. Also, a registry knows
abouta list of otherregistries(which canbe updatedaswell) which, in concert,form
a directedgraphof registries. A requestfor partnersmustcontainthe hosthamend
portnumbemwheretheapplicationcanbe contactedin standardJRL format)andcan
be enhancedy additionalinformation suchas Quality of Serviceparameterge.g.,
only machineswith at leasta certainamountof memoryare useful) or a descriptive
comment. A registry is implementedusing so-calledcgi-bin scriptsusing standard
HTTP senerinterfaces.Informationis storedin a formatthatis directly accessibléo
standardrowsers.

A userwho wantsto participatein a distributed computatiomneedsonly to know
aboutone(or several)registriesasstartingpoints. The usercanusea standardrowser
to searchthe requeststoredin thisregistry. If thereis no suitablerequesfoundon a
givenregistry, the searchproceedsn a breadth-firsfashionalongthe graphof neigh-
boringregistriesuntil asuitablerequestor partnerss foundor all registried have been
visited. Breadth-firstsearchis usedto find applicationson “nearer” registriesbefore
applicationgregisteredwith moreremoteregistries—othesearchstratgiesarepossi-
ble. As soonasa matchingpartnerrequests found, the browserjumpsto the URL
describedy this request.The main pointto noticehereis thatthe searchs executed
completelywithin the users browserwhich downloadsthe registry informationfrom
respectie HTTP seners.

2.2 Arbitrary origin of applets

In atypical distributed teamwritten in Java, appletsare downloadedfrom an HTTP
senerandconnecto anapplicationto beableto communicatevith otherpartsof the
team. Sincethe Java securitymodel usually employs the so—called‘host-of-origin”
policy, appletscanonly connecto the hostfrom which they weredownloaded While
other policiesare concevable, it is mostlikely that this will be the standardpolicy
usedby mostWeb browsers. This meanghatthe stand-alonepplicationof the team
hasto run on the samemachineasthe HTTP senerthatprovidedthe appletsto allow

3For example by usinganaming-servicdike system
4in this connecteadtomponent



themto successfullyconnecto the application.This is ofteninconvenientat bestand
impossibleat worst; a userwho wantsto initiate a distributedcomputatiormight not
have accesgo an HTTP sener, and sucha machinewill becomea bottleneckif a
numberof distributedcomputationss run.

KnittingFactoryaddressethis problemby providing the essentiafunctionality of
an HTTP sener for downloadingappletsfrom the applicationitself. A browsercan
connecto theapplicationandretrieve all necessariATML or classfiles directly from
thisprocessObviously, it is thenpossiblefor theappletto reconnecto thisapplication
to communicatavith it. Thisallowstheapplicatiorto runonary hostconnectedo the
WebandnotjusttheonesrunningHTTP seners.

Additionally, theapplicationcanregisteritself with oneor moreregistries.A search
asdescribedn Subsectior2.1 (or amanualclick on the correspondingink) will then
resultin a browserconnectingto the applicationand downloadingthe applet. As an
addedcorvenienceKnittingFactoryalso providesthe appletwith the port numberat
whichthe applicationis acceptingts connectiorrequests.

2.3 Directapplet—appletcommunication

Dueto the Jara securitypolicy of “host-of-origin”, it is notdirectly possiblefor differ-
entappletsto establishdirectcommunicatiorwith eachother—evenif they belongto
thesameteam® Themainraisond'@tre for this securitypolicy is to limit theamountof
informationexchangedetweerary two applets But sincewe areconsideringapplets
belongingto the samedistributedcomputationwhich canexchangearbitraryinforma-
tion by meansof relayingit throughthe application thereis no inherentreasonin the
securitymodelwhy thesetwo appletsshouldnot beallowedto communicatalirectly.

The advantage®f sucha direct communicatiorare obvious: the applicationcan
easilybecomea bottleneckandit imposesa singlepoint of failurefor the applets(de-
pendingon the kind of applicationscenario,it might be perfectly acceptablédf the
applicationdiesafterthe appletshave beensetup).

KnittingFactoryusesthe RemoteMethodInvocationof Java 1.1to realizea direct
applet—appletommunicationTo useRMI, ataskneedsareferencdo aremoteobject
to be ableto invoke ary methodsremotely Eachappletcreatessucha remotelyac-
cessibleobjectandpassedts referenceo the stand-alonapplication.In the simplest
casethe applicationredistrilutesthesereferencedackto all otherapplets.Thus,all
appletsn oneteamlearnaboutremoteobjectsin all theotherapplets.Thisallowsthem
to directly invoke methodsat otherappletswhich impliesthatthey cancommunicate
directly.

In a more elaboratescenario,an appletmight only wantto know abouta subset
of applets. The setof appletsis thusdivided in differentgroups. Thesegroupsmay
overlap,sincetheremotelyaccessibl®bjectsareinformedaboutotherremoteobjects
and not the appletitself—an appletonly hasto createone of theseobjectsfor each
groupin whichit wantsto participate.

SUnlesshothappletsrun on the machinefrom which they weredownloaded.



3 Implementation

3.1 Registration and lookup

The implementatiorof the registrationandlookup servicesconvenientlydividesinto
two parts:theregistryandthelookup. Theregistry consistf four cgi-bin scriptswrit-
tenin Perlthatupdatean HTML-page. This KnittingFactorymain pagecontaindinks
to otherknown registriesand applicationdooking for partnersaswell asthe lookup
scriptwritten in Javascript. Additionally, a numberof HTML-pagesare providedto
form a simple userinterfaceto thesecgi-bin scripts. This allows simpleaddingand
deletingof registriesand manualregistrationand deregistrationof applications.The
HTML-forms usedfor thiscommunicatehefollowing parameterso theircorrespond-
ing cgi-bin scripts:

Adding aregistry

newurl: TheURL of theKnittingFactorymainWeb pageof anew registry. This
addsa link pointing from the registry wherethis form is submittedto the
givenURL.

passvord: to secureconsisteng of theregistry— optional.
Scriptname:register.cgi
Removing a registry

remurl RemoethegivenURL from thelist of registrieson this registry.®
password: to secureconsisteng of theregistry — optional.

Scriptname:deregister.cgi
Registeringan application

host Hostnamewnherethe applicationis running.

kfport The port numberwhere this applicationcan be contactedby a Web
browserto obtainanapplet.

description An arbitrarydescriptionof this application(optional).

This canoptionallybe enhancedby Quality of Serviceparameters.
Scriptname:add _app.cgi

Deregisteringan appplication

host Hostnamewnherethe applicationis running.
kfport Thecorrespondingortname.

Scriptnamerem _app.cgi
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Figure2: Themainpageof a KnittingFactoryregistry

Both registriesand applicationsare storedas HTML-links to the corresponding
sites.Figure2 shavs anexampleof suchapage.

This main KnittingFactory pagecontainsa Javascriptprogram(searcher.js )
that performsthe actualsearch. Sincethis main pageis manipulatedonly via cgi-
bin scripts,the searchscript canrely on the syntaxof this page. To storethe state
informationnecessaryo performabreadth-firssearchthetag -elemenbftheURL is
used.This partof theURL is usuallyusedto let abrowsernavigateto certain“‘anchors”
in anHTML-document.Sincethis pagedoesnotcontainary anchorstheWebbrowser
justignoresthetag , but thisinformationis still availableto the Javascriptprogram.

Thetagis organizedn thefollowing way:

TAG ::= search+TODO-LIST+SEEN-LIST

TODO-LIST = € |
TODO-LIST-P
TOTO-LIST-P = URL |
URL#TODO-LIST-P
SEEN-LIST == € |
SEEN-LIST-P
SEEN-LIST-P = URL |

URL#SEEN-LIST-P

wheree is theemptystringandURL representary well-formedhttp-address.

6In the currentimplementationthisiis callednewur| .



The searchescriptfirst checksif thetag actuallystartswith thestringsearch .
If not,it stopsimmediately If it doesjt first examineghelinks onthis pageto checkif
ary applicationsareregisteredwith this registry. An applicationis distinguishedrom
a registry by their relative positionon the page. If someapplicationsarefound, one
is randomlyselectedandthe browseris directedto go this URL. Additionally, if ary
Quality of Serviceparameteraregiven,thesearchescriptwill only considerapplica-
tionswheretheserequirementsiremet’ Otherselectionpossibilitiese.g.,basecona
bestfit or bestprice principle,caneasilybeintegrated.

If no (matching)applicationis foundon a givenpage the searchescriptwill pro-
ceedwith a breadth-firssearch First, the URL of this pageis appendedo the seen -
list of thetag string. Next, all registriescontainedin this pageare appendedo a
todo -list. Thefirst elementof thetodo -list is extractedandgivesthe addresof the
next pageto visit. To this addressthe #search tag, the new todo - andthe new
seen -list areappendedo form the new URL andfinally, the browseris instructedto
gotothisURL. Sincethisis, by constructionalsothe mainKnittingFactoryWebpage
of someotherregistry, it also containsthe samesearcheiscript which will proceed
with thesearcltusingtheadditionallyinformationobtainedrom thepreviouspageand
includedin thetag. And sincethis pageprovidesthe searchescript codeagain,this
codeis freeto inspectthe contentsof the newly downloadedpage® This procesends
if eitheranapplicationis locatedor no new registriescanbe found (which producesa
suitablemessageo theuser).

As analternatve to a purebreadth-firssearchthatacceptghefirst requestfound,
anexhaustve searchwith limited time or aQoS-basedearchareconcevable—herés
awide rangeof openpossibilities.

This searchis completelyexecutedby the Webbrowser;no new processeseedto
be installednor doesthe HTTP senersneedto executeary search-relategrograms
(they only provide Web pages).It is susceptibldo errorif any selectedHTTP sener
happendo be unreachable—iithis casethe searchabortswithout result. This canbe
amendedy randomizingthe orderin which registriesareaddedto thetodo -list and
reexecutingthe searchescript via a watchdogJavascriptprogramwhich executesn
anotherframeandperiodicallychecksthe progresf the actualsearch.The problem
hereis how thewatchdogcandistinguishbetweera searchin progressa successfully
terminatedsearch(an executingapplet),an unsuccessfullyerminatedsearch(an at-
temptto contactan applicationthatis no longerrunningor otherwisenot responding)
andafailedsearch{dueto, e.g.,anunreachabl&ITTP-Senrer).

A potential problemwith this approachmight be misuseof the lookup service.
Sincearybodyshouldbeableto registerarequestmoreor lessarbitraryWeb-sitesan
beregistered—egensomecompletelyunrelatedo a distributedcomputation—wittthe
only objective of attracting(unvoluntary)viewers. Thecgi-bin scriptsmightbeusedto
protectsuchmisuseg.g,basedn apasswrd scheme.

"Checkingfor QoS-parametetis currentlynotimplemented.
8Whichis not possibleif JazascriptcodeandWeb pagecomefrom differentmachines— their contents
is so-called‘tainted”.



3.2 Arbitrary origin of applets

Thegoalof this partis to be ableto run the stand-alonepplicationon ary machine—
independentf whetheran HTTP-Senrer is runningon thathost. The problemhereis

thatanappletis only allowedto connecto the machineit is downloadedrom. There-
fore, to allow it to connectto the applications machinejt mustbe downloadedfrom

this machine.This secondoartof KnittingFactoryprovidesthe necessarjunctionality
to dosoby implementingcoreHTTP-Serer capabilities.

KFc_Manager HTTPPort
— uses
HTTPServer |- _ ) )
S~ - == inherits
| Thread
HTTPConnection
HTTPRequest HTTPResponse

Figure3: Classhierarchyfor SubsectiorB.2

The API is very simple: in the application,the programmercreatesan object of
classKFc_Manager (seeFigure3 for anoverview of the classhierarchy). The con-
structorof this classtakestwo parametersthe nameof the appletclassthatis to be
givento ary partnerand,optionally, theportnumbemvhich theapplicationis expecting
partnergo contactit. KFc_Manager itself createsan objectof classHTTPServer
(which extendsThread ) that createsa sener soclket on which it expectsa browser
to connectto downloadthe applet. Oncea connectionis made,HTTPServer cre-
atesa new HTTPConnection objectto handlea request. This connectionhandler
parsesthe request(using HTTPRequest as a helperclass). Sincewe only want
to sene one particularappletto the browvset® an HTML-page containingthe applet
nameand optional parameterss generatechnd sentback to the browser (using an
HTTPRespone object). To executethe applet,the browserwill thenconneciagainto
theHTTPServer objectandrequestvariousclassfiles asneeded.Again, the sener
createanHTTPConnection objecttheclassnames extractedfrom therequestthe
classfile is searche@longthe CLASSPATHandsentbackto thebrowser Therebyan
appletcanbedownloadedrom theapplications machineandexecutedwithout having
torunanHTTP sener.

9An extensionto multiple, differentappletclassess very simple.

10



Although ary appletcan be usedthis way, KnittingFactory providesthe corve-
nienceclassKFc_Applet which extendsApplet . This classprovides a method
getPort() which returnsthe port numberwherethe applicationexpectsthe applet
to contactit. The actualappletwould thusbe derived from KFc_Applet insteadof
Applet ; it hasto call theinit() functionof its parentclassto allow correctinitial-
ization.

Theintegrationwith theregistrationserviceof KnittingFactoryis achievedby two
methods register() andderegister() , of classKFc_Manager . They take
oneor moreregistry URLs asparameterandregister/dergisterthe applicationwith
theseregistries!® TheclassHTTPPort isusedo sentaPOSTFrequesto theregistries,
resultingin the executionof the appropriatecgi-bin scripts. register() automat-
ically insertsthe port numberof this applications HTTPServer objectin theregis-
tration messageThereby a browserwhich hasfound an applicationvia the searcher
scriptwill contactthe applicatioinat the correctport and canimmediatelydownload
theappletwithout furthermanualintervention.

3.3 Directapplet-appletcommunication

Theobjectie hereis to allow two appletswithin onedistributedteamto communicate
directly with eachother no matteron which machineghey areexecuted.The Remote
MethodInvocation(RMI) interfaceof Java 1.1 allows to invoke methodsat a remote
objectoncea referencdo this remoteobjectis obtained.Usually, thesereferencesre
obtainedfrom the so-calledRMI-Registry. Sincewe wantto inform otherappletsof
new appletgoining theteam,we needanactive componenandcannot solelyrely on
the RMI-Registry.

This active components the ManagerRegistry. It is itself remotelyaccessibland
thushasaremoteinterfaceKF_Registry  extendingthe classjava.rmi.Remote
thatdescribeshemethodghatcanbeinvokedremotelyandthe actualimplementation
of this interface KF_Registrylmpl  1>—seeFigure 4 for an overview of the class
hierarchydescribedn this subsection.

A KF_Registrylmpl object

1. registerswith theRMI-Registry underagivenservicenameto bevisible to other
objects,

2. offersthe methodregister() in its remoteinterfaceto allow otherremote
objectsto registerwith it,

3. collectsall referencedor the remoteobjectscreatedat the variousappletswith
this servicename,and,

4. uponreceving anew registration redistritutesthemto all otherknown objects*?

The corefunctionality for a KnittingFactoryremotelyaccessiblebject—namely
the ability to register at a KF_Registry and to gatherreferencedistributed by the

10register() alsotakesanoptionaldescriptionparameter
Uwhich extendsjava.rmi.server.UnicastRemoteObject
12| particular anobjectwill receve areferenceof itself.

11



KFc_Manager
!
1
KF_Registry KF_Registrylmpl KF_Manager
T T
v y
java.rmi.Remote java.rmi.server.UnicastRemoteObject
I A
1 1
KF_Remote KF_Remotelmpl KF_Applet
I A }
‘ ‘ v
MyRemotelnterface MyRemotelmpl KFc_Applet

Figure4: ClassHierarchyusedfor applet-applecommunicationwith MyRemoteln-
terface/MyRemotelmphsexampleextensionf the KnittingFactoryclasses)

KF_Registry—is containedn the KF_Remotelmpl remoteobjectimplementingthe
interfaceKF_Remote. KF_Remote is the remoteinterfaceusedby the KF_Manager
andofferstwo methods:addRemoteObject()  to inform an objectof anotherre-
moteobject,andsetld()  to allow the KF_Managerto setuniqueids for all remote
objects. This interfaceis implementedoy KF_Remotelmpl . In particular this class

also providesan initialize() method. Parametergo this methodare the host
wherethe RMI-registry is found anda servicenameidentifying the KF_Registry on
this host. In theinitialize() methoda KF_Remotelmpl objectlooks up the

KF_Registry from the RMI-Registry on the givenhost? underthe givenservicename.
Onceit hasobtaineda referenceto the KF_Registry, it registerswith it via the re-
mote methodregister() passinga referenceto itself to the KF_Registry. The
registry will thensendthis referencevia the addRemoteObject()  to all known
KF_Remotelmpl objects. The appletcanobtainreferenceso the otherremoteob-
jectsby calling getWorker(id) ataKF_Remotelmpl object.

KF_Remote/KF_Remotelmpl do not provide ary methodgo actuallyexchange
informationbetweerdistributedapplets.To do so,interfaceandimplementatiommust
be extendedo matchthe distributedcomputations needs For example,animplemen-
tationof thestreamsnterfaceontop of theRMI-basedapplet-appletommunications
concevable(seesubsection8.3.2for details). In Figure4, MyRemotelnterface
andMyRemotelmpl exemplify this.

To hidethe necessityto explicitly createa KF_Registrylmpl objectontheap-
plication side and the creationof and initialization calls for the KF_Remotelmpl
objectson the appletside, we provide a KF_Manager classfor the applicationand
aKF_applet for the appletside which are built on top of the KFc_Manager and

BpothapplicationandRMI-Registry mustrun on the samehostfor the appletto be ableto connecto the
latter

12



KFc_Applet class,respectrely. The stand-aloneapplicationonly hasto createa
KF_Manager object,the constructoiof which takesa servicenameparametein ad-
dition to the classnameand port describedin subsectior3.2. This will not only
createand initialize the KF_Registry, it will also provide the HTTPServer object
with the servicenameso it canbe passedalong as a parameteto the appletonce
it is downloaded. KF_Applet will extractthis parameteand setupstaticinforma-
tion in the KF_Remotelmpl classwhereboththe RMI-registry andthe KF_Registry
canbe found andunderwhich servicenamethe KF_Reagistry canbe lookup up from
the RMI registry. The actualappletcanthusbe derivedfrom KF_applet , and,pro-
videdtheKF_applet ’sinit() functionis called,ary objectof aclassderivedfrom
KF_Remotelmpl cansimply be createdwith new and will automaticallyregister
with the ManagerRegistry andreceve referencegor all otherremoteobjectsin this
distributedcomputation.

3.3.1 PossibleEnhancements

Applet-basedupdates: In the currentimplementationthe KF_Registry  passes
the referenceof a new remoteobjectto all previously known remoteobjectsitself.
Sincethis needsO(n) remotemethodinvocationsper joining remoteobject, it does
not scalewell andraiseshe dangerof the KF_Ragistry becominga bottleneck.

A simplesolutionwouldbeto let thejoining objecthimselfinform theotherremote
objects.Thisis easilypossibleandputsthe burdenon the newly joined object. But it
doesnottake advantageof the possibilityto distributethisinformationin parallelsince
otherappletscanpasshisreferenceon, too.

Therefore,one solution might be to usethe ids of the remoteobjectsto form a
binary tree and passa new referencealongthis tree. This takesonly O(logn) time
as opposedo the O(n) before. The disadwantageof this approachis thatit is not
fault-toleranttowardsthe failure of (non-leaf)remoteobjects. To amendthis, other
interconnectiostructuredik e aBene-network shouldbeinvestigatedthistiesin with
work doneon interconnectiometworksfor parallelcomputerarchitectures.

Deregistering: While the currentimplementatiordoesnot provide explicit deregis-
trationof remoteobjects,it is easyto do soaslongasno KnittingFactory-relatedunc-
tionality is givento the remoteobjectslik e the applet-basedpdatedescribedabore.
This posegproblemsdependingn thesolutionchoserfor theinterconnectiometwork
andneeddurtherinvestigation.

Multiple sewice names: As discussedn Subsectior2.3 it might not be necessary
or evendesirablefor all appletsto know abouteachother A distributedcomputation
mightdivide theappletsn logicalgroupsthatdo interactdirectly within but only com-
municatewith the applicationotherwisganexamplefor suchanapproactwould beto
considerthesegroupsasreplicatedobjects).Oneappletmight be a memberof oneor
severalsuchgroups.

A simpleway to do this is to provide several servicenamesand KF_Registries.
Onegroupis identifiedwith one servicenameandadministeredy one KF_Registry
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object. Theapplicationcreatesuchanobjectfor every groupit wantsto use(possibly
dynamically). An appletthat wantsto join a certaingroup createsa nev remotely
accessiblebjectand passeshe group/servicenameto the constructorof this object.
This servicenameis usedto look up andregisterwith the correspondindKF_Registry.

If anappletwantsto join multiple groups,it createsoneremotelyaccessibl®bjectfor

eachgroup.

Providing callbacks in KF_Registrylmpl : The stand-aloneapplicationmight
want to be informed of appletsjoining or leaving the teameven without having the
appletsto explicitly contactthe application.An examplefor this might be the needto
manipulatedatastructuresontainingthereference$o theremoteobjects—ina Chess
program,all informationaboutthe remoteobjectsmight be deletedoncetwo players
have joinedandconnectedo eachother

A callbackmechanisnis providedto allow a programmeto reactflexibly to such
events.Beforeandafterajoining remoteobjectis enterednto KF_Registrylmpl  ’s
datastructuresthe methodspre _register() andpost _register() arecalled
respectiely. In the KF_Registry class,theseare empty methods put they canbe
redefinedby extendingKF_Registry , overwriting thesemethodsandreactingin a
program-specifigvay to theseevents.

Doing without RMI-Registry:  Currently the official RMI-Registry is neededfor
bootstrappingpurposes:a remoteobjectneedsthe RMI-Registry to look up a refer
enceof the correspondind<F_Registry. It might be advantageouso incorporatethis
functionalityin the KnittingFactoryitself.

3.3.2 Streamson top of RMI

In Java, the usualway of doing I/O of ary kind is by usingthe I/O streamsrovided
by thejava.io  package.To integratethe KnittingFactoryapplet-appletommuni-
cation seamlesslynto Java ervironments this streamsnterface shouldbe usableto
communicatdetweerappletstoo.

An implementatiorof stream®n top of KnittingFactorycanbe doneby extending
KF_Remote / KF_Remotelmpl to correspondindKF_Stream / KF_StreamImpl
which mapsa write() methodcall to a correspondingemotemethodinvocation
andputtingthe datain a remotebuffer. The issuehereis how to maintainthis buffer
efficiently while still guaranteeingorrectsemanticsEvery KF_Streamimpl  objects
maintainsa readbuffer for all otherobjectsa channehasbeenopenedo. Bandwidth
andlateny of suchanimplementationwhich reflectsbandwidthandlateng of the
underlayingRMI implementationshouldbeinvestigated.
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4 Examples

4.1 Passingatoken

A simple exampleto demonstratéhe ease—of-usef KnittingFactoryis distributed
token—passingall the appletsin the distributedcomputatiorpassa tokenfrom oneto
anotherintegratingnew appletsandcontinuingevenafterthe applicationhasdied.

The sourcecodefor the stand—alonapplication,herecalledServer , is givenin
Figure5. Notableis thecreationof a KF_Manager objectin line 10.

The tokenitself is representedby the color of a circle in the browser So passing
thetokenmeangesettingone's own color andsettingthe color of thelogical neighbor
Theremoteinterfacethis is shavn in Figure6.

Implementingthis interfacerequireslittle work. RingWorkerimpl  (Figure7)
doesthisin a straightforvardway. Notethatit alsohasa referenceo the appletitself
to beableto initiate arepaintonceit hasrecevedthetoken.

Eventually the corefunctionality of the appletitself is shavn in Figure8 (in par
ticular, try-catch pairsareomitted—seé\ppendixA for acompletdisting). This
parthasthelongestcodesinceit mostlyimplementheactualdraving of circles,hold-
ing the token for sometime, etc. Note that the actualKnittingFactoryrelatedcode
is very small. The Client appletis derived from KF_applet andso hasimme-
diate accessto most of the functionality Note thatin line 14 the init() func-
tion of KF_applet is calledto extractthe RMI-relatedparameteland preparethe
RingWorkerimpl  for theinitialization. Therebyin line 15onlyaworker = new
RingWorkerimpl() needdo bewritten- andworkerrefersto anobjectthatknows
aboutall otherapplets remoteobjectsandwill be updateddynamically

4.2 A sharedwhiteboard

UsingKnittingFactory,a sharedvhiteboards very simpleto implement.Basically all
onehasto dois write anappletimplementinghe actualdraving functionalityanduse
KnittingFactoryclassedo make the drawing functionsaccessibléo otherappletsso
thatdrawing a figure canbe broadcastetb all otherapplets.Figure9 shavs a screen
shotof our sharedwvhiteboardapplet.

Thecompletesourcecodefor thewhiteboardexamplecanbefoundin AppendixB.

5 RelatedWork

The Web hasthe potentialto be the infrastructuran integratingremoteandheteroge-
neouscomputersnto a (single) global computingresource. The Java programming
languagehasthe potentialof remaving mary of the difficulties associatedvith un-
trustedandheterogeneousomputingenvironments.And the groving numberof Java
capablebrowsersmake themanideal choicein seamlesshoringing distributedcom-
putingto every-daycomputerusers. Thereis growing body of work on how to best
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package ring;
import knittingfactoryx;

public class Sener

{

public static void main (String av[])

{

KF_Managers=null;

try {
s = new KF_Manager("ring.Client.class" , 0, "ring" );
// 1.) tell the browserto download “Class.class”
// 2.) Serverdoesnot use any port
// 3.) use‘ring” as identifying service name

}

catch (java.rmi.RemoteExceptioe}{
System.err.printin("couldn't create Manager: " +

e.getMessage());

e.printStackTace();
return;

}

s.ragister ("RMI Test"

"http://milan.milan.cs.nyu.edu/cgi-bi n/" );
// register with the description“RMI Test” at
// the registry running on milan.milan.cs.nyu.edu

System.out.printin"Server  started” );
try {

Thread.sleef30000);
} catch (InterruptedExceptiore) {

1

}

System.out.printin("Server  unregistering. )
s.dergister ("http://milan/cgi-bin/" );
// and dermgister

Figure5: Thesenercodefor thetokenring example:Sererjava
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package ring;
import  knittingfactoryx;
import java.awt.Color,

public interface RingWorker extends KF_Remote{
public void setColor(Color color) throws java.rmi.RemoteExceptign

}

Figure6: Theremoteinterface:RingWorker.java

package ring;

import  knittingfactoryx;
import java.awt.Color,
import  javarmi.x;
import java.appletx;

public class RingWorkerimpl extends KF_Remotelmplimplements RingWorker {
private Client myAppg;

public RingWorkerlmpk) throws RemoteException 10

{
myApp = null;

public RingWorkerlmpl(Client c) throws RemoteException

{
myApp = ¢;

public void setColofColor color) throws RemoteException 20
{
if (myApp != null) {
myApp.changeColdcolor);
myApp.repaing);
}
}
}

Figure7: TheremoteobjectimplementationRingWorkerimpl.java
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import  knittingfactoryx;
import java.appletx;

import  java.awt.x;

import  javarmi.x;

import javanetinetAddress

public class Client extends KF_Applet
implements Runnable{
final int width = 300;
final int height= 200;
RingWorkerlmpl worker,

public void init() {
super.init();
worker = new RingWorkerlmpl ();
worker.setApplet (this);

// ... codecut hee...

// ... codecut her ...
public void run() {
while (true) {
sleep (2000);

if (worker.getColor()!= Color.black) {
int size = worker.size();
if (size> 1) {
int myld = worker.getld();
int nextld = ((myld+1) % size);
RingWorker nextWorker =
(RingWorker) worker.getWrker(nextld);
worker.setColor(Color.black);
nextWorker.setColor(Color.red);
}
} else
java.lang.Thread.yield();

Figure8: Theapplet:Client.java (abbreviatedversion)
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Applet Viewer: whiteboard. WhiteBoard.class fpplet Viewer: whitehoard.WhiteBoard class O]
fpplet
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Figure9: Screenshavf sharedvhiteboardshaving threeappletsrunningon different
machines

utilize the combinationof thesenew technologies.This work canbe loosely cateyo-
rized basedon their emphasisthosethat focuson providing a parallelprogramming
ervironment,or a metacomputeron the Web; andthosethat focus on providing the
infrastructurefor collaboratve applicationsontheWeh

5.1 Metacomputing onthe Web

The projectsthatfocuson a Java-basedgarallelcomputinginclude ATLAS [1], Char
lotte [2], Java-MPI [21], JavaPRarty, [17], Javelin [6], JPVM [10], ParaWeb [5], and
WebFlav [4]. Similarly, Web-enabledcconcurrentvirtual machineshave beenpro-
posed12] asaHigh Performanc&€omputingandCommunicationgHPCC)platform,
asa basisfor SPMD programmingmodel[14]; andit hasbeenproposed11] to ex-
tendJavawith globalpointersandremoteservicerequestnechanismfom the Nexus
communicatioribrary.

JPVM andJava-MPI provide messageassingnterfaces basedon the PVYM and
MPI programmingmodelsrespectiely, to applications.Java is utilized only for het-
erogeneity Both systemdack the ability to downloadthe applicationcodefrom the
network, andusersarerequiredto explicitly startdaemomrocessesneachparticipat-
ing machine.Thesdimit theirapplicabilityto local networks of workstations.

Anotherclassof systemsextendeitherthe Java programmindanguagepr its run-
time ervironment(i.e., the Java Virtual Machine)to provide seamlesslistributedcom-
putations.ProjectssuchasJavaParty, ParaV\eb andthe work proposedy Hummelet
al.aresuchexamples. JavaParty introducesthe keyword remoteto the programming

19



language.Programsarethenpreprocesselly an extendedJara compilerto standard
Javawith RMI calls. A runtimesystemthatcomprise®f a singlemanayer procesand
alLocalJPproces®on eachsitesupportgheexecutionof JavaParty programs ParaV\eb
is animplementatiorof the Java Virtual Machine. It allows spavning threadson re-
mote machinesprovides messaggassingand sharednemorysemantics.Both sys-
temssuffer from a tight integrationto the currentJava implementationandrequirea
non-standar@mplementationHence unlike KnittingFactory they arenotableto exe-
cuteon remoteautonomousnachinesandspecifically within a usersWeb browser

ATLAS is a Jara basedsoftwarethatis basedon Cilk’s programmingmodeland
work-stealingistributedscheduling Theirhierarchyof manageapplicationgprovides
a scalablemethodfor idle worker processeto find, andhence to stealthreadsform
otherbusyworkers. ATLAS relieson native methodsand,in the currentimplementa-
tion, thereis no supportfor sharedrariablesamongthreads Theuseof native methods
preventsthe applicabilityof ATLAS to the Websinceportability, security andthelack
of theability to downloadthe applicationcodebecomesnissue.

CharlotteandJavelin aretwo 100% PureJava software systemshatwere specif-
ically designedor parallelprogrammingon the Web with simplicity in mind. Their
designandhow they canbenefitby usingthe infrastructurgprovided by KnittingFac-
tory will bediscussedh Section6.

5.2 Collaborative applicationson the Web

Thesecondcategory of projectsfocusproviding a softwareinfrastructurefor collabo-
rationapplications Examplesof suchapplicationsaredistributedwhite boards calen-
dars,andeditorswheremultiple userscollaborateowardsonegoal. Softwaresystems
thatsupportcollaboratve applicationsncludethe E programminganguagg9], Cal-
techinfosphereproject[7], HORB[18], iBus[16], Jada/RgeSpac¢B], Java Collabo-
rator Toolset[15], Java RemoteMethodInvocation(RMI) [19], JavaSpace$13], and
TANGO [3].

The E programminglanguageand HORB extendsJava in several ways. The E
languageaddsmessag@assinghroughchannelsandricher securitythroughcrypto-
graphicand authentication.HORB is a ObjectRequesBroker (ORB) for Java and
addsawell understoogbrogrammingnodel,RPC,andpersistenbbjects.BothHORB
andE aretightly integratedwith a givenJavaimplementation.

Java RemoteMethod Invocation(RMI) asa standardoart of the Java 1.1 specifi-
cationprovidesRPCmechanismso Java. KnittingFactorybuilds on the client/serer
RPCmodelto provide seamlesintegrationof appletswith RMI. JadaandJavaSpaces
integratetheconcept®f Lindawith Java. WhereasJadausesaLinda-liketuplemodel,
JavaSpacesitilizesobjecthierarchiedor tuplematching.PageSpaces a collaboration
software packagethat is built on top of Jada. Becauseof their communicatiorpat-
terns,thesesystemsanfunctionasapplicationsandnot asapplets henceJimit their
applicabilityto local networks of workstations.

Java CollaboratorToolsetand TANGO provide the infrastructurefor collabora-
tive Java applications. They are of specialinterestto us sincethey both utilize Web
browsersasuserdront-end,andhencebothhave to work within the Java appletsecu-
rity model. Theirdesignandhow they canbenefitby usingtheinfrastructureprovided
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by KnittingFactorywill bediscussedh Section6.

6 KnittingF actory in Context

Thissectiondiscussebhow somerelatedprojectscouldbenefitfrom usingKnittingFac-
tory. Asin Section5, wewill treatprojectsfor parallelprogrammingandcollaboratie
work separately

6.1 Metacomputing onthe Web

As examplesof theresearclefforts aimingto provide ametacomputeon the Web,we
focusontheJavelin andCharlotteprojects.

6.1.1 Javelin

Javelin is a projectat University of California, SantaBarbarasupportingthe develop-
mentandexecutionof parallelapplicationsontheWeh Jarelinis 100%PureJava,and
hencejt utilizes Java’s securitymodelandits ability to downloadtheapplicationcode
overanetwork.

Therearethreemain componentsn a Javelin computation:a broker, a client, and
hosts A broker is a system-wideJava applicationthat functionsas a repositoryfor
the Java appletprograms andmatcheghe client taskswith hosts. A client submitsa
taskto the broker througha Web browsersby generatinggn HTTP POSFrequestand
periodicallypollsthe brokerfor theresults.HostsareWebbrowserggenerallyrunning
on idle machines}hat repeatedlycontactthe broker for tasksto perform,download
the appletcode, executeit to completion,and returnthe resultsto the broker. The
communicatiorbetweenary two appletsis routedthroughthe broker asstatedin [6]
(Section2.4)

In generalmessagebetweenappletmustbe routedthroughthe bro-
ker, becaus@anappletcannotopena network connectiorto ary site other
thentheonefrom whichit wasloaded.

Ontop of thisframework, Javelin provideslanguagesupportfor synchronizationmes-
sagepassingandatuple spacemodelof communication.

While the Javelin is a greatsteptowardsparallelprogrammingon the Web, it is
hinderedby Java appletsecuritymodel. For example,sincehostsrequirea directcon-
nectionto the broker, anHTTP sener (andpossiblyandFTP sener) mustbe running
onthesamemachineasthebroker. Scalabilitymightalsobecomeanissuesinceevery
messagef every parallelapplicationis routedthroughthe broker.

While thefunctionality of Jaselin transcend&nittingFactory's goals,KnittingFac-
tory canprovideaflexible infrastructure First, KnittingFactorycanprovidethemecha-
nismfor clientandhostappletso searcithe Webandfind eachotherdirectly. Second,
the embeddedight-weight Java classsener of KnittingFactorycanpossiblybe used
to offload someof the responsibilitiesof the system-widebroker. And finally, the
applet-to-appletcommunicatiormechanisnprovided by KnittingFactorycanremove
themessageoutingby the brokerfor higherscalability
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6.1.2 Charlotte

Charlotteis a researchprojectat New York University providing a metacomputing
ervironmenton the Weh Similar to Javelin, Charlotteis written in Java anddoesnot
rely on ary native code,and thus, takes advantageof Java’s securitymodeland its
ability to downloadthe applicationcodeover a network.

Charlotteis basedon Calypsos programmingmodelto provide parallelroutines
and sharedmemoryabstractionon distributed machines. It relieson two integrated
techniquesgager schedulingand two-phaseidempotentexecutionstrategy for load
balancingandfault masking. A Charlotteprogramis a Java programwith embedded
parallelstepgo performthecomputationallyintensie partsof the program.A parallel
stepis composedf oneor moreroutines A routineis analogougo a standardlava
thread,exceptfor its ability to executeremotely A distributed sharedname-space
providessharedvariablesamongroutines.

Thereare two main componentsn a Charlotteprogram: a master and one or
moreworkers. The masteris a Java applicationthat createsan entry in a Web page
atinvocation. A worker is a Web browsergenerallyrunningon anidle machine.By
clicking onanentry, aworkerdownloadsandexecutegheappletcode.A directsoclet
connectiorprovidesthe manageworker communication.

As with the Javelin project, Charlotteis alsohinderedby the Java appletsecurity
model. For example,the managets requiredto run on a machinerunningan HTTP
sener, otherwiseworker appletscould not establisha direct communicatiorchannel
to the manager In addition, Charlottedoesnot addresghe questionof how a Web
browser i.e., the worker, finds work. The currentimplementationrequiresmanual
input of the URL location. KnittingFactorywas designedto addressboth of these
questions As a proof of conceptwe have portedCharlotteto useKnittingFactoryas
theunderlyinginfrastructurelt requiredessthan12 linesof code.

6.2 Collaborative applicationson the Web

As exampledfor projectsgearedowardscollaboratie work, we focuson TANGO [3]
andthe Java CollaboratorfToolset[15].

6.2.1 TANGO

TANGO is asystembuilt to supportweb-basedollaboratiorapplicationsMain goals
of TANGO are systemflexibility andthe capability of integrating existing applica-
tions. TANGO providesfunctionalitiessuchas sessiormanagementyserauthenti-
cation,eventlogging, andcommunicatiorbetweencollaboratingapplications.While

this certainly transcend¥nittingFactory’s goals,a closerlook at TANGO's system
architectureshawvs how it canbenefitfrom KnittingFactory's capabilities.

The main elementof TANGO's architecturearea local daemonwhich is mainly
responsibldor communicatiorbetweerdifferent TANGO componentsanda cential
server This sener provideseventlogging, maintenancef systemstate,andrelays
messagebetweenthe local daemons. Sincethe local daemonis implementedas a
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plug-infor Netscapeit is freeto communicatavith otherdaemonsbut it is nolonger
trustedcodeandrequiredocalinstallation.
Ontheotherhand,[3] statesxplicitly (in Section2.5)that

Using pureJava modelwe would have to createa client-sener model
in which all communicatioranddatadistribution arelocatedin onehost.
Thisideahadto berejectecbecausef its inflexibility .

Thus, the local daemonis merely an attemptto circumwentthe restrictionsimposed
uponthecommunicatiorpatternsoy the Java securitymodel.KnittingFactorypresents
amethodfor reachinghe samegoal—namelydirectandarbitrarycommunicatiorbe-
tweenremoteapplets—withoutelying on native-codeplug-insor having to relay mes-
sageghrougha centralsener. As opposedo the local daemon KnittingFactoryis
fully implementedn Java, it doesnot faceportability problemsthatnative-codemeth-
odsnaturallyhaveto copewith, andit is fully trustedcode respectinghe Java security
model,anddoesnotrequireinstallationon theusers side.

6.2.2 Java Collaborator Toolset

The Java CollaboratorToolsetis a platform supportingthe designand implementa-
tion of collaboratve Java applications.lt is realizedasa replacementor the standard
Java AbstractWindow Toolkit (awt), collawt The mainfunctionality of thesecollawt
classess that every event (e.g.,a mouseclick) is sendto a centraleventdistributor
processhatredistritutestheseeventsto all otherapplets. Sincethe eventdistributor
is usedto forward eventsof multiple applicationsgventscarry (amongotherinforma-
tion) anapplicationid sothatthey areonly forwardedto appletsbelongingto thesame
distributedapplication.

This centralizedeventdistributor shovs the typical dangersit representsa single
point of failure (for multiple, independenapplicationson top of it) andhasa severe
chanceof becominga bottleneck.Additionally, this eventdistributor mustrun on the
HTTP sener hostthatprovidesthe appletcodeto allow the appletsto opena connec-
tiontoit.

Using KnittingFactory this designcanbe improved uponin an obvious fashion.
Replacingboth the eventdistributor andthe HTTP sener, a KnittingFactoryprocess
senesthe appletcodeto a browsersandsetsup the direct applet-applecommunica-
tion. Therebyappletscansendtheir eventsdirectly to otherinterestedappletamprov-
ing scalability It alsoimprovesfaulttolerancesince,unlike the eventdistributor, the
KnittingFactoryprocesss only neededuringset-uptime.

Oneadwantageof a centralizeddistributor is the implicit synchronizatiorit pro-
vides.But providing (virtual) synchroly ontop of the KnittingFactorybroadcastapa-
bilities is merelya matterof implementingappropriaterotocols e.g.,thetoken-based
Totemprotocol.

NotethatusingKnittingFactorywould only requirechangesn theimplementation
of collawt; theuserinterfaceremainsunchanged.
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7 Conclusions

KnittingFactory provides solutionsfor three problemswith which collaboratve and
parallelinternetapplicationsarefaced.

Theregistryservicesolvestheproblemof how collaborative appletdind eachother
Thisis achievedby executingbreadth-firssearchn the Web browserof a prospectre
partnerandadherego the browserssecuritymodel. By embeddinghe corefunction-
alitiesof anHTTP sener, namelyservingJava appletcode ,applicationcanbe started
onary machineconnectedo thenetwork, appletscanbe downloadedlirectly from the
applicationprocessandcanthereforeestablisidirect connectionsThus,theinitiator
of a collaboratve applicationdoesnot needto have accesgo a machinerunningan
HTTP sener. KnittingFactoryalsoallows larger flexibility in designinga distributed
applicationby providing meansfor direct applet-applecommunication. Depending
on the actualapplication,this canresultin improved fault tolerance scalabilityand
efficiengy. KnittingFactory completelyadherego all relevant standardgnd security
models.

Thevalidity andeaseof useof KnittingFactoryis demonstrateavith two example
applicationsitokenpassinganda sharedvhiteboard.In bothapplicationave demon-
stratetheefficiengy of ourembeddedppletsenerandapplet-to-appletommunication
withoutanintermediary The techniquewalidatedthroughthe KnittingFactoryareap-
plicablenot only to collaborative systemsput to parallelprogrammingsystemssuch
asCharlotteto overcomemary of thedifficultiesimposedby the Jasa securitymodel.
It is importantto repeatthat KnittingFactory completelyadherego the Java security
model.
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A The Client codefor Token passing

This appendixshavs the completecodefor the Client—Appletfrom Sectiord.

package ring;

import  knittingfactorysx;
import  javaapplets;

import  java.awt.x;

import  javarmi.x;

import  javanetinetAddress

public class Client extends KF_Applet implements Runnable{

final int width = 300; 10
final int height = 200;
Color myColor,

RingWorkerimpl worker,

public void init() {

super.init();

try {
worker = new RingWorkerimpl (this);

} catch (RemoteExceptiore) { 20
e.printStackTace);

}

Systemoutprintln ("created  Ringworkerlmpl" );

if (worker == null)
Systemoutprintln ("but it is null!l" );

if (workersizg) ==1)
changeColdColor.red);
else
changeColdColor.black); 30

Thread artist = new Threadthis);
artiststarf);

public void pain{Graphicsg) {
int size = worker.siz€);

int maxx = width / 2; 40
int maxy = height / 2;

double del = 2xjavalangMathPI / size
double angle= 0;
for (int i=0; i<size i++) {
int x = (int)(maxx * javalangMath.cogargle));
int y = (int)(maxy = javalangMath.sin(angle));
String str;
if (i == worker.getld)) {
str = "me"; 50
g.setColofgetColof));
} else {
str = "worker:"  +i;
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g.setColo(Color.black);

g.drawString(str, maxx+x, maxyt+y);
g.dravOval(maxx+x, maxy+y, 20, 20);
angler=del;

synchronized public void changeColdColor ¢) {
myColor = ¢;

}

synchronized public Color getColof) {
return myColor,
} 70

static void sleeffint i) {
try {javalangThreadsleep(i);} catch (Exceptione) {}

public void run() {
while (true) {

repaing); 80
javalang Threadyield();
sleep (3000);
if (getColof) != Colorblack {
int size = worker.sizg);
if (size > 1) {

int myld = worker.getld);

int nextld = ((myld+1) % size);

RingWorker nextWorker = (RingWorker) worker.getRemoteObig(nextld);

try { 90
// System.out.printli(“thr owing from * + myld + “ to " + nextld);
nextWorker.setColor(Color.red);
changeColor(Color.blagk

} catch (RemoteExceptiore) {
e.printStackiace();

}

} else{
java.lang.Thread.yield();
} 100
}
}
}

28



B The Whiteboard code

B.1 Server.java

package whiteboard
import  knittingfactorysx;

public class Sener {
public static void main (String av[]) {
KF_Managers=null;

try {

s = new KF_Manager ("whiteboard.WhiteBoard.class"

, 0, "whiteboard"

// 1.) tell the browserto download “whiteboard.WhiteBoad.class”

// 2.) Serverdoesnot use any port

// 3.) use “whiteboard” as identifying service name

} catch (java.rmi.RemoteExceptior) {
System.err.printin("Couldn't create
e.printStackiace();
return;

}
s.setAppletDimensiorsQ0, 400);

System.out.printin("Server  started" );

Manager:

' + e.getMessage());

// let's forget about the Partl - registering/deregistering for the moment:

/*

s.register (‘RMI Test”, “http: //milan.milan.cs.nyu.egagi-bin/");
//s.register (‘RMI Test”, “http: //localhosy cgi-bin/”);

// register with the description“RMI Test” at

// the registry running on milan.milan.cs.nyu.edu

System.out.printin(“Server started”);
try { Thread.sleep(30000)}
catch (InterruptedExceptiore) { }

System.out.printlr(“Server going down”);
s.demgister (“http: //milan/cgi-bin/”);
//s.dergister (“http: //localhosf cgi-bin/”);
// and dergister

*/

)

B.2 RemoteBoard.java

package whiteboard
import knittingfactorysx;
import java.awt.Color,

public interface RemoteBoardextends KF_Remote {
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public void drawvLine(Color color, int startx int starty int endx int endy) throws javarmi.RemoteExceptign
public void dravRec{Color color, int x, int y, int width, int heigh) throws javarmi.RemoteExceptin;
public void fillRectColor color, int x, int y, int width, int heigh) throws javarmi.RemoteExcepbin;

public void dravOval(Color color, int X, int y, int width, int heigh) throws javarmi.RemoteExceptign10
public void fillOval(Color color, int X, int y, int width, int heigh) throws javarmi.RemoteExceptig

public void shavKey(Color color, int X, int y, char ch) throws javarmi.RemoteExcepdin;

public void clearBoar¢) throws javarmi.RemoteExceptign

B.3 RemoteBoardimpl.java

package whiteboard
import  knittingfactorysx;
import  javaappletApplet
import  java.awt.x;

public class RemoteBoardimpkextends KF_Remotelmplimplements RemoteBoard{
WhiteBoard myApplet

public RemoteBoardimWhiteBoard apple} throws javarmi.RemoteException{ 10
myApplet = applet

public void dravLine(Color color, int startx int starty int endx int endy throws javarmi.RemoteException{
myAppletdravLine(color, startx starty endx endy false true);

public void dravRec{Color color, int x, int y, int width, int heigh) throws javarmi.RemoteExcepdin { 20
myAppletdravRec{color, x, y, width, height false true);

public void fillRect(Color color, int x, int y, int width, int heigh) throws javarmi.RemoteExcepbin {
myAppletfillRect(color, x, y, width, height false true);

public void dravOval(Color color, int x, int y, int width, int heigh) throws javarmi.RemoteExceptior{ 30
myAppletdravOval(color, X, y, width, height false true);

public void fillOval(Color color, int x, int y, int width, int heigh) throws javarmi.RemoteExceptio {
myAppletfillOval(color, x, y, width, height false true);

public void shavKey(Color color, int x, int y, char ch) throws javarmi.RemoteExcepdin { 40
myAppletshavKey(color, x, y, ch, false);

public void clearBoar€) throws javarmi.RemoteException{
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myAppletclearBoarffalse);

B.4 WhiteBoard.java

package whiteboard
import knittingfactorysx;
import java.appletApplet
import java.awt.x;
import java.awt.eventsx;

// addeda booleanparameterremotelyinvocedto the draw .. routines
// this xshould fix the problem of wrong colors when drawing from a
// remotewhiteboad - hk

public class WhiteBoard extends KF_Applet
implements Runnable,MouseListenerMouseMotionListener
private final int FREEHAND = 0; // freehanddrawing mode

private final int LINE =1 // line drawing mode

private final int RECT = 2; // rectangledrawing mode
private final int FILLRECT = 3; // fill rectangledrawing mode
private final int OVAL = 4; // oval drawing mode

private final int FILLOVAL = 5; // fill oval drawing mode
private final int TEXT = 6; // text mode

private Thread animator = null; // doesthe actual drawing
private Image offScreen = null; // for doubleluffering

private Color XorAlternateColor= new Color(255,150,255);
// light pink

// various buttons

private Button blackButton,blueButton, cyanButton, darkGrayButton,
grayButton, greenButton lightGrayButton, magentaButton,
orangeButton pinkButton, redButton, yellowButton;

private Button freehandButton]ineButton, rectButton,fillRectButton,
ovalButton, fillOvalButton, textButton, clearButton;

private Panel modeRnel; // panel of various drawing modes
private int currMode; // currently active mode

private Panel colorRanel; // panel of various foreground colors
private Color currColor; // current foreground color

private Choice fontChoice; // choice of available fonts

private boolean mouseDwn; // true if mousebutton is pressed

// mouseDownalso servesas indicator wether or not to
// use XOR-dawing modeor standad mode

// - hk
private int downX, downY; // coords when mousebutton was pressed
private int currX, curry; // current mousecoords if pressed
private int lastX, lastY; // mousecoords at last update() call
private int imageWdth, imageHeight; // size of drawing area
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private int offX, offY; // coor offsetsfor drawing area

private RemoteBoardimpkemoteBoard;

/1

// Standad applet methodsin order of invocation

/1

public void init() {
//System.emprintin (“WhiteBoad: befoe calling superinit()”);
super.init();
//System.erprintln (“WhiteBoar: after calling superinit()”);
setBackground(Color.white);

// create buttons

blackButton= new Button(" ");
blackButton.setBackgrad(Cdor.blac);
blueButton= new Button(" ");
blueButton.setBackgrou(t@olor.blug;
cyanButton= new Button(' ");
cyanButton.setBackgrou(t@olor.cyan);
darkGrayButton= new Button();
darkGrayButton.setBackgnod(Cdor.dakGray);
grayButton= new Button();
grayButton.setBackgroundgr.gray);
greenButton= new Button();
greenButton.setBackgroui@blor.grea);
lightGrayButton= new Button();
lightGrayButton.setBagkourd(Color.lightGray);
magentaButtor= new Button();
magentaButton.setBackgmud (CGolor.magena);
orangeButton= new Button();
orangeButton.setBackgrai(Color.orange);
pinkButton = new Button();
pinkButton.setBackgroundr.pink);
redButton= new Button();
redButton.setBackground(loo.red);
yellowButton = new Button();
yellowButton.setBackgrmd(Qolor.yellow);

freehandButtor= new Button('Freehand" );
freehandButton.setBadlkaynd(Color.lightGray);
lineButton = new Button('Line" );
lineButton.setBackgroai(Color.lightGray);
rectButton= new Button('Rectangle" );
rectButton.setBackgrod(Color.lightGray);
fillRectButton = new Button('Filled Rectangle" );
fillRectButton.setBaakourd(Color.lightGray);
ovalButton = new Button('Oval" );
ovalButton.setBackgroulfColor.lightGray)
filOvalButton = new Button('Filled Oval" );
fillOvalButton.setBackgund(Color.lightGray);
textButton = new Button('Text" );
textButton.setBackgrout{Color.lightGray);
clearButton= new Button('Clear" );

32

50

60

70

80

90

100



clearButton.setBackguad(Qolor.gray);

// createdchoice for fonts
fontChoice= new Choice(); 110
String[] fontList = Toolkit.getDe&ultToolkit().getFontList();
for (int i = 0; i < fontList.length;i++)
fontChoice.addltem(fontList]i]
fontChoice.selectCourier" );
setfont(Font.decodéCourier" ));

// create panels

colorRanel = new Panel();

colorRanel.setLayoutlew GridLayout2,1));

//colorPanel.add(ne Label(“Color”)); 120
colorRanel.add(blackBtidn);

colorRanel.add(darkGrayBtatn);

colorRanel.add(grayButto;

colorRanel.add(lightGragutton);

colorRanel.add(blueBuin);

colorRanel.add(ganButbn);

colorRanel.add(greenButh);

colorRanel.add(yell@Button);

colorRanel.add(orangeBon);

colorRanel.add(pinkButio); 130
colorRanel.add(magentaBan);

colorRanel.add(redButtgn

modeRinel = new Panel();
modeRinel.setLayoutew GridLayout@,4));
//modeRnel.add(ne Label(*Mode”));
modeRinel.add(freehandBatt);
modeRinel.add(rectButton)
modeRinel.add(ealButton;
modeRinel.add(tetButtor); 140
modeRinel.add(lineButtgn
modeRinel.add(fillRectBtion);
modeRinel.add(fillOalButon);
modeRinel.add(clearBudh);
//modeRnel.add(fontChoice);

setLayoutiew BorderLayout());
add(East" , colorRanel);
add(South" , modeRnel);
150
// choosedefaults
currMode = FREEHAND;
currColor = Color.black;

offX
offY

colorRanel.minimumSize().width+ 1;
modeRnel.minimumSize().height 1;

// initialize event handling
this.addMouseListenétis);
this.addMouseMotionListendh(s); 160

// initialize remoteboard
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try { remoteBoard= new RemoteBoardimptiis); }
catch (java.rmi.RemoteExceptior) { e.printStackfiace(); }

}

public void start() {
animator= new Threadthis); 170
animator.start();

public void run() {
// initialize drawing buffers and context
imageWdth = size().width — offX — 1;
imageHeight= size().height— offY — 1,
offScreen = this.createlmage(imagedth, imageHeight);

180
System.err.printin"Hello  from WhiteBoard" );
// draw outline of drawing area
Graphicsg = offScreen.getGraphics();
g.setColor(Color.black);
g.dravRectQ, 0, imageWdth + 1, imageHeight+ 1);
g = this.getGraphics();
while (true) {
Thread.currentThread().yield(); 190
g.dravimage(ofScreen, 1, 1, this);
repaint();
try { Thread.sleedQ0); }
catch (InterruptedExceptiore) { }
}
}
200
public void update(Graphicg) {
getGraphics().setColor(Colblad);
getGraphics().dmRectQ, 0, imageWdth + 1, imageHeight+ 1);
public String getAppletinfo() {
return "Mehmet's little KnittingFactory demo: \n--- A simple shared whiteboard.
} 210
public void stop() {
if (animator!= null)
animator.stop();
}
// 220
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// Eventhandling routines

/1

public boolean action(Eent event, Object amg) {

// System.out.printin(“goevent: ” + event.taget + “” + arg);

if (event.taget == blackButton)
currColor = Color.black;

elseif (event.taget == blueButton)
currColor = Color.blue;

elseif (event.taget == cyanButton)
currColor = Color.g/an;

elseif (event.taget == darkGrayButton)
currColor = Color.darkGray;

elseif (event.taget == grayButton)
currColor = Color.gray;

elseif (event.taget == greenButton)
currColor = Color.green;

elseif (event.taget == lightGrayButton)
currColor = Color.lightGray;

elseif (event.taget == magentaButton)
currColor = Color.magenta;

elseif (event.taget == orangeButton)
currColor = Color.orange;

elseif (event.taget == pinkButton)
currColor = Color.pink;

elseif (event.taget == redButton)
currColor = Color.red;

elseif (event.taget == yellowButton)
currColor = Color.yellav;

elseif (event.taget == freehandButton)
currMode = FREEHAND;

elseif (event.taget == lineButton)
currMode = LINE;

elseif (event.taget == rectButton)
currMode = RECT;

elseif (event.taget == fillRectButton)
currMode = FILLRECT;

elseif (event.taget == ovalButton)
currMode = OVAL;

elseif (event.taget == fillOvalButton)
currMode = FILLOVAL;

elseif (event.taget == textButton)
currMode = TEXT;

elseif (event.taget == fontChoice){
fontChoice.select((Strinam);
setfont(Font.decode((String)arg));

elseif (event.taget == clearButton)
clearBoardtfue);
else
return super.action(eent, amg);
return true;

public boolean keyDown(Event event, int key) {
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char ch = (char)event.ley;
if ((currMode == TEXT) && (event.id == Event.KEY_PRESS)){
switch(ch) { 280
case '\
currX += 15;
return true;
case'\n'
currX =7,
currY += 15;
return true;
default:
shavKey(currColor, currX, currY, ch, true);
repaint(); 290
currX += 7,
return true;

}

return false

}

public void mousePressed(Mousedfi e) {
lastX = dowvnX = currX = e.getX(); 300
lastY = downY = currY = e.getY();
mouseDwin = true;

}

public void mouseDragged(Mouseé&nt e) {
currX = e.getX();
currY = e.getY();

// draw over the old figure and draw the newv one 310
if (mouseDan){

//System.out.printin (‘“mouseDiagged: Ix=" + lastX + “ ly="+lastY
// + ox=" + currX + “cy=" + currY );

switch(currMode) {
case FREEHAND:
drawLine(currColor, lastX, lastY, currX, currY, true, false);
break
case LINE: 320
drawLine(currColor, dovnX, downY, lastX, lastY, false false);
drawLine(currColor,dowvnX, downY, currX, currY, false false);
break
case RECT:
case FILLRECT:
dravRect(currColor,Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
dravRect(currColor,Math.min(devnX, currX), Math.min(devnY, currY),
Math.abs(danX — currX), Math.abs(denY — currY), false false);
break; 330
case OVAL:
case FILLOVAL:
dravRect(currColor,Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
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dravOval(currColor, Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
dravRect(currColor,Math.min(devnX, currX), Math.min(devnY, currY),
Math.abs(danX — currX), Math.abs(danY — currY), false false);
dravOval(currColor, Math.min(devnX, currX), Math.min(devnY, currY),
Math.abs(danX — currX), Math.abs(denY — currY), false false);
break;

}
}

lastX = currX;
lastY = currY;

public void mouseReleased(Mousedy e) {
switch(currMode) {
caseLINE:
drawLine(currColor, dovnX, downY, lastX, lastY, false false);
mouseDwn = false
drawLine(currColor,downX, downY, currX, currY, true, false);
break;
case RECT:
dravRect(currColor,Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(denX — lastX), Math.abs(danY — lastY), false false);
mouseDwn = false
dravRect(currColor,Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), true, false);
break;
case FILLRECT:
dravRect(currColor,Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(denX — lastX), Math.abs(danY — lastY), false false);
mouseDwn = false
fillRect(currColor, Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(denY — lastY), true, false);
break
case OVAL:
dravRect(currColor,Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
dravOval(currColor, Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
mouseDwn = false
dravOval(currColor, Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), true, false);
break
case FILLOVAL:
dravRect(currColor,Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
dravOval(currColor, Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
mouseDwn = false
fillOval(currColor, Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), true, false);
break
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// Unusedmethodsfrom MouseListenetinterface
public void mouseClickd(MouseEent €) { }
public void mouseEntered(Mouseé&nt e) { }
public void mouseExited(MouseEwnt e) {

if (mouseDan){
// remae anything painted:
switch(currMode) {
case LINE:
drawLine(currColor, dovnX, downY, lastX, lastY, false false);
mouseDwn = false
break
case RECT:
dravRect(currColor,Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
mouseDwn = false
break;
case FILLRECT:
dravRect(currColor,Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
mouseDwn = false
break;
case OVAL:
dravRect(currColor,Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
dravOval(currColor, Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
mouseDwn = false
break;
case FILLOVAL:
dravRect(currColor,Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
dravOval(currColor, Math.min(devnX, lastX), Math.min(devnY, lastY),
Math.abs(danX — lastX), Math.abs(danY — lastY), false false);
mouseDwn = false
break;

}
}

}
//

Unusedmethodsfrom MouseMotionListeneinterface

public void mouseMoed(MouseEent e) { }

/1
/1
/1

Drawing and broadcastingroutines

public void drawLine(Color color, int startX, int startY, int endX, int endY,

boolean bcast, boolean remotely invoced) {
Graphicsg = offScreen.getGraphics();
if (mouseDwn && (currMode != FREEHAND) && (!remotely invoced))
// all the remoyelyinvoced stuf is drawn with setRintMode -> otherwise
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// wrong colors
// but FREEHANDIs a special case: always drawn with setRintMode
g.setXORMode(XorAlternateColor);
else
g.setRintMode();
drawLine(g, color, startX, startY, endX, endY);

if (bcast){
int size = remoteBoard.size();
int me = remoteBoard.getld();
for (int i=0; i<size; i++)
if (i '=me){

RemoteBoardother = (RemoteBoardyemoteBoard.getRemote Okj@ls
try { other.dravLine(color, startX, startY, endX, endY); }
catch (java.rmi.RemoteExceptioe) { }

}

public void dravRect(Colorcolor, int X, int y, int width, int height,
boolean bcast, boolean remotely invoced) {

Graphicsg = offScreen.getGraphics();

if (mouseDwn && (!remotely invoced))
g.setXORMode(XorAlternateColor);

else
g.setRintMode();

drawvRect(g, color, X, y, width, height);

if (bcast){
int size = remoteBoard.size();
int me = remoteBoard.getld();
for (int i=0; i<size; i++)
if (i!= me){

RemoteBoardother = (RemoteBoardyemoteBoard.getRemote Okj@ls
try { other.dravRect(color,x, y, width, height); }
catch (java.rmi.RemoteExceptioe) { }

}

public void fillRect(Color color, int X, int y, int width, int height,
boolean bcast, boolean remotely.invoced) {
Graphicsg = offScreen.getGraphics();
if (mouseDwn && (Iremotely invoced))
g.setXORMode(XorAlternateColor);
else
g.setRintMode();
fillRect(g, color, x, y, width, height);

if (bcast){
int size = remoteBoard.size();
int me = remoteBoard.getld();
for (int i=0; i<size; i++)
if (i = me){

RemoteBoardother = (RemoteBoardyemoteBoard.getRemote Oltj@y
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try { other.fillRect(color,x, y, width, height); }
catch (java.rmi.RemoteExceptioe) { }

}

public void dravOval(Color color, int x, int y, int width, int height,
boolean bcast, boolean remotely.invoced) {

Graphicsg = offScreen.getGraphics();

if (mouseDwn && (Iremotely invoced))
g.setXORMode(XorAlternateColor);

else
g.setRintMode();

dravOval(g, color, x, y, width, height);

if (bcast){
int size = remoteBoard.size();
int me = remoteBoard.getld();
for (int i=0; i<size; i++)
if (i!= me){

RemoteBoardother = (RemoteBoardyemoteBoard.getRemote OHj@ls

try { other.dravOval(color, x, y, width, height); }
catch (java.rmi.RemoteExceptioe) { }

}

public void fillOval(Color color, int X, int y, int width, int height,
boolean bcast, boolean remotely invoced) {
Graphicsg = offScreen.getGraphics();
if (mouseDwn && (!remotely invoced))
g.setXORMode(XorAlternateColor);
else
g.setRintMode();
fillOval(g, color, x, y, width, height);

if (bcast){
int size = remoteBoard.size();
int me = remoteBoard.getld();
for (int i=0; i<size; i++)
if (i = me){

RemoteBoardother = (RemoteBoardyemoteBoard.getRemote Oltj@y

try { other.fillOwal(color, x, y, width, height); }
catch (java.rmi.RemoteExceptioe) { }

}

public void shavKey(Color color, int x, int y, char ch,
boolean bcast) {
Graphicsg = offScreen.getGraphics();
shawvKey(g, color, X, y, ch);

if (bcast){
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int size = remoteBoard.size();

int me = remoteBoard.getld();
for (int i=0; i<size; i++)
if (i!= me){

RemoteBoardother = (RemoteBoardyemoteBoard.getRemote Okj@ls
try { other.shwKey(color, x, y, ch); }
catch (java.rmi.RemoteExceptioe) { }
} 570

public void clearBoardgoolean bcast) {
Graphicsg = offScreen.getGraphics();
clearBoard(g);

if (bcast){
int size = remoteBoard.size(); 580
int me = remoteBoard.getld();
for (int i=0; i<size; i++)
if (i!= me){

RemoteBoardother = (RemoteBoardyemoteBoard.getRemote OHj@ls

try { other.clearBoard()}

catch (java.rmi.RemoteExceptioe) { }

}

590

/1

// Local drawing routines

/1

void drawLine(Graphicsg, Color color, int startX, int startY, int endX, int endY) {
g.setColor(color);
g.dravLine(startX, startY, endX, endY);

} 600

void dravRect(Graphicsg, Color color, int x, int y, int width, int height) {
g.setColor(color);
g.dravRect(x, y, width, height);

void fillRect(Graphicsg, Color color, int x, int y, int width, int height) {
g.setColor(color); 610
g.fillRect(x, y, width, height);

void dravOval(Graphicsg, Color color, int x, int y, int width, int height) {
g.setColor(color);
g.dravOval(x, y, width, height);

}
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620
void fillOval(Graphicsg, Color color, int X, int y, int width, int height) {
g.setColor(color);
g.fillOval(x, y, width, height);
}

void shavKey(Graphicsg, Color color, int X, int y, char ch) {
g.setColor(color);
g.drawString(String.alueOf(ch) x, y);
} 630

void clearBoard(Graphicg) {
g.setColorthis.getBackground());
g.fillRectQ, O, imageWdth, imageHeight);
g.setColor(currColor);

}
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